Common mitochondrial DNA (mtDNA) haplotypes in humans and mice have been associated with various phenotypes, including learning performance and disease penetrance. Notably, no influence of mtDNA haplotype in cell respiration has been demonstrated. Here, using cell lines carrying four different common mouse mtDNA haplotypes in an identical nuclear background, we show that the similar level of respiration among the cell lines is only apparent and is a consequence of compensatory mechanisms triggered by different production of reactive oxygen species. We observe that the respiration capacity per molecule of mtDNA in cells with the NIH3T3 or NZB mtDNA is lower than in those with the C57BL/6J, CBA/J or BALB/cJ mtDNA. In addition, we have determined the genetic element underlying these differences. Our data provide insight into the molecular basis of the complex phenotypes associated with common mtDNA variants and anticipate a relevant contribution of mtDNA single nucleotide polymorphisms to phenotypic variability in humans.
The mitochondrial oxidative phosphorylation (OXPHOS) system consists of five complexes, four of which are assembled with proteins encoded in the nuclear and the mitochondrial genomes. mtDNA shows extensive sequence variability in mammals, which has been considered to be a consequence of neutral base substitutions accumulated throughout female history in discrete geographical environments owing to genetic drift. Some findings, however, have challenged this view. Thus, common human mtDNA variants may influence sperm motility 1,2 , longevity [3] [4] [5] or penetrance of some mtDNA-linked diseases 6, 7 , or may predispose to various complex disorders 8, 9 . In addition, adaptive selection may have shaped mtDNA evolution in humans 10 . In mice, a polymorphism in the tRNA arginine, mitochondrial gene (mt-Tr) modulates the deafness phenotype promoted by the age-related hearing loss (AHL) mutant in Cdh23 (refs. 11,12) . Experiments generating mouse embryos with two variants of mtDNA (NZB/ B1NJ and BALB/cJ) have shown that liver and kidney systematically accumulate NZB/B1NJ mtDNA, whereas blood and spleen preferentially select BALB/cJ mtDNA 13 . In addition, mice with different mtDNA (CBA or NZB/B1NJ) substantially differ in their learning capabilities, their sensory development and brain anatomy, owing, to a significant extent, to the mtDNA haplotype 14 .
Although all mtDNA-encoded genes are involved in biogenesis of the OXPHOS system, studies done in cultured primary cells with different human or mouse mtDNA haplotypes concluded that the respiratory capacity is not substantially influenced by any of the mtDNA variants tested 15, 16 . This apparent contradiction has raised concerns about the significance of the above-mentioned associations 9, 17 .
Here we have analyzed the oxidative phosphorylation capacity of engineered mouse cell lines carrying a homogeneous nucleus but mtDNA derived from C57BL/6J, BALB/cJ, CBA/J or NZB/B1NJ mice or from NIH3T3 mouse cells, as representatives of the mtDNA variants that modulate AHL. Our results show that mtDNA haplotypes from NIH3T3 and NZB/B1NJ mice induce significantly different OXPHOS performance as compared with those from C57BL/6J, BALB/cJ and CBA/J mice. In addition, we conclude that a single nucleotide polymorphism (SNP) in the mt-Tr gene is the sequence variation responsible for the phenotypes observed. The differences in OXPHOS performance are masked by a specific upregulation in mitochondrial biogenesis, triggered by an increase in generation of reactive oxygen species (ROS), in cells carrying NIH3T3 or NZB/B1NJ mtDNA. We show that common and 'non-pathological' mtDNA variants in mice determine differences in OXPHOS performance and ROS production, providing a biochemical and molecular explanation for the above-mentioned associations.
RESULTS

Generation of mouse cybrids with different mtDNA haplotypes
We analyzed seven cell lines generated by transferring mitochondria from the desired source to a mtDNA-less receptor cell line 18 , r 0 L929 neo (Methods). The resulting cell lines ('transmitochondrial cybrids'), which were homogeneous for their nuclear genome but differed in their mtDNA haplotype, were TmC57BL/6J (carrying the mtDNA of C57BL/6J), TmNZB/B1NJ, TmCBA/J, TmBALB/cJ and three independent clones carrying the NIH3T3 mtDNA (TmNIH3T3). In addition, for control purposes, we also included a transmitochondrial cybrid cell line (TmND6ko), generated in our laboratory, carrying the mtDNA of NIH3T3 and the 13887delC mutation in the mt-Nd6 gene. This mutation interferes with the expression of ND6 and the assembly of complex I (refs. 18-20) . We carried out restriction fragment length polymorphism analysis (Supplementary Fig. 1 and Supplementary Methods online) to exclude the presence of any trace of the mtDNA from the L929 parental cell line.
We sequenced the mtDNA from CBA/J and NIH3T3 and reanalyzed the full sequence of the mtDNA from NZB/B1NJ to correct for potential errors in the published NZB/B1NJ sequence 21 . To identify nucleotide differences, these three sequences and those from C57BL/6J and BALB/cJ (ref. 22 ) were compared by using C57BL/6J as the mtDNA reference sequence ( Table 1) . We found that CBA/J and BALB/cJ mtDNAs are identical and differ from the reference sequence in only three positions: a synonymous polymorphism in the mt-Nd3 gene, a valine to alanine missense substitution in mt-Co3, and an insertion of an adenine at nucleotide position 9821 in the mt-Tr gene that enlarges the DHU loop of the tRNA Arg in one base ( Table 1) .
NIH3T3 mtDNA differs from the C57BL/6J sequence in two positions: the synonymous polymorphism in the mt-Nd3 gene and the insertion in the DHU loop of the tRNA Arg . These positions also differ between CBA/J or BALB/cJ and C57BL/6J; however, in this case two adenines are inserted in the NIH3T3 mtDNA sequence, making the DHU loop of the tRNA Arg even larger ( Table 1) .
The mtDNA sequence of NZB/B1NJ is very divergent from that of C57BL/6J (Supplementary Table 1 online). Of note, NZB/B1NJ and NIH3T3 mtDNAs are identical at the three positions where CBA/J and BALB/cJ mtDNAs show differences to the reference sequence. Therefore, among the mtDNA sequences included in our set of transmitochondrial cybrids, there are three different tRNA Arg variants with tracks of eight adenines (TmC57BL/6J), nine adenines (TmCBA/J and TmBALB/cJ) and ten adenines (TmNZB/B1NJ and TmNIH3T3) in the DHU loop ( Table 1) . Because the mtDNA sequences of TmCBA/J and TmBALB/cJ are identical, we considered both cell lines as representative of the same mtDNA haplotype (TmCBA-BALB/cJ).
mtDNA haplotypes promote different growth in galactose A previous analysis of the respiration capabilities of primary hepatocytes carrying mostly NZB/B1NJ or BALB/cJ mtDNA found no differences 16 . We readdressed this issue and found no differences in coupled oxygen consumption rates (Fig. 1a, left) or uncoupled respiration (data not shown) among the intact transmitochondrial cybrid lines with the different mtDNA haplotypes. Concordant with this, polarographic measurements of respiratory chain complexes done in digitonin-permeabilized cells showed no differences between the transmitochondrial cybrids except for TmND6ko, the complex I-knockout cell line (Fig. 1b) . No significant differences were observed in the extent of coupling between electron transport activity and ATP production, estimated as the ADP/O ratio, either with glutamate plus malate (2.7 ± 0.2, 2.2 ± 0.5, 2.5 ± 0.3 and 2.2 ± 0.6 
for TmC57BL/6J, TmCBA-BALB/cJ, TmNIH3T3 and TmNZB/B1NJ, respectively; mean ± s.d.) or with succinate (1.7 ± 0.2, 1.5 ± 0.3, 1.5 ± 0.4 and 1.7 ± 0.1 for TmC57BL/6J, TmCBA-BALB/cJ, TmNIH3T3 and TmNZB/B1NJ, respectively). A second parameter that establishes the tightness of the coupling between respiration and ATP synthesis is the respiratory control ratio (RCR), estimated as the ratio between the mitochondrial respiration rate in the presence and that in the absence of ADP (synthesizing versus non-synthesizing ATP). As expected, the RCR for TmC57BL/6J and TmCBA-BALB/c cells was higher with glutamate plus malate, substrates that allow the generation of NADH to deliver electrons to complex I, than with succinate, a substrate for complex II (3.0 ± 0.2 versus 2.1 ± 0.5 for TmC57BL/6J, analysis of variance (ANOVA), P o 0.023; Mann-Whitney U-test, P ¼ 0.020; and 2.6 ± 0.6 versus 2.1 ± 0.4 for TmCBA-BALB/cJ, ANOVA P o 0.034, Mann-Whitney U-test, P ¼ 0.016). However, RCR values were similar with both substrates for TmNIH3T3 and TmNZB/B1NJ cells (2.3 ± 0.3 versus 2.3 ± 0.4 for TmNIH3T3; and 2.3 ± 0.4 versus 2.1 ± 0.6 for TmNZB/B1NJ), owing to the decrease in RCR with glutamate plus malate. No significant differences in the relative amounts of respiratory complexes, estimated by western blotting, were found among the various mtDNA haplotypes ( Supplementary Fig. 2 and Supplementary Methods online).
We also observed significant differences (ANOVA, P o 0.0001; Kruskal-Wallis test, P ¼ 0.0061) in the relative ability of the different cell lines to grow in galactose versus glucose (Fig. 1c, left) . Thus, whereas cells with the C57BL/6J, BALB/cJ or CBA/J mtDNA showed a similar doubling-time with both substrates (growth ratio 1.01, 0.98 or 0.97, respectively), cells with NIH3T3 or NZB/B1NJ mtDNA showed a delayed growth in galactose with respect to glucose (growth ratio 1.20 or 1.12, respectively; ANOVA Fisher's protected least significant difference (PLSD) post-hoc test for any of the ten-adenine cell lines versus any of the nine-or eight-adenine cell lines, P o 0.05). TmND6ko cells did not grow in galactose.
mtDNA haplotypes promote differential production of H 2 O 2 In addition to ATP and heat production, the mitochondrial respiratory chain is responsible for generating ROS, which can have toxic effects 23 but may also have a regulatory role in the control of cell function and particularly in mitochondrial biogenesis 24, 25 . The analysis of ROS production showed that H 2 O 2 levels in TmC57BL/6J and TmCBA-BALB/c cells were similar, but significantly lower than those in TmNZB/B1NJ and TmNIH3T3 cells (Fig. 2a, left) . Of note, the TmND6ko cells lacking complex I had the largest quantities of H 2 O 2 .
To confirm the physiological relevance of the measured ROS concentrations, we cultured all cells in the presence of either N-acetyl-Lcysteine (NAC), a widely used antioxidant and a precursor of reduced glutathione that functions as an H 2 O 2 scavenger, or 4,5-dihydroxy-1,3-benzenedisulfonic acid (Tiron), a superoxide anion scavenger. One week of culture in the presence of NAC markedly reduced the H 2 O 2 measured in every cell line to similar amounts (Fig. 2a, middle) . Three days of treatment with Tiron also abolished the differences in H 2 O 2 among the cell lines (Fig. 2a, right) .
Because ROS generation induces an increase in natural ROS defenses 26 , we investigated whether the expression of ROS defense enzymes also differed. Catalase activity was lower in cells with C57BL/ 6J mtDNA, higher in cells with BALB/cJ or CBA/J mtDNA and higher again in cells with the NIH3T3 or NZB/B1NJ mtDNA. TmND6ko cells showed the highest relative catalase activity (Fig. 2b) . This observation, together with the evaluation of ROS described above, indicates that the cell lines performing worse in galactose (TmNIH3T3 and TmNZB/B1NJ) have higher ROS production as compared with the other transmitochondrial cybrids. We stress that, because the natural ROS defenses are also modulated in response to ROS, the observed changes in H 2 O 2 may be an underestimation of the true differences in ROS production induced by the mtDNA haplotype.
Cells that produce more ROS have higher mtDNA content It has been proposed that alterations in intracellular ROS concentrations induce changes in mitochondrial mass and mtDNA copy number 25 . We therefore analyzed the mtDNA content of the different cell lines by quantitative real-time PCR (Fig. 2c, left) . We found that the cells producing more ROS (TmNIH3T3 and TmNZB/B1NJ) contained 1.6-to 1.9-fold more mtDNA than those producing less ROS (TmC57BL/6J, TmCBA/J and TmBALB/cJ). In agreement with this, the complex I-deficient TmND6ko cells showed a more than threefold increase in mtDNA. The presence of NAC or Tiron was sufficient to reduce the amount of mtDNA in TmND6ko, TmNIH3T3 and TmNZB/B1NJ cells to that in TmC57BL/6J cells, but it did not substantially affect the amount of mtDNA in TmC57BL/6J, TmCBA/J and TmBALB/cJ (Fig. 2c, middle and right) . These data are consistent with previous data associating mtDNA mutations with exacerbated ROS production and an increase in mtDNA copy number 25 Consequently, they indicate that the respiration capacity per molecule of mtDNA may be lower in cells with the NIH3T3 or NZB mtDNA than in those with the C57BL/6J, CBA/J or BALB/cJ mtDNA and that the apparently normal level of respiration in all the transmitochondrial cells may be consequence of a compensatory ROS-mediated increase in mitochondrial biogenesis.
To test this possibility, we determined the effects of NAC and Tiron on the OXPHOS status of the different cell lines. One week of culture in the presence of NAC did not affect the oxygen consumption rate of the TmC57BL/6J, TmCBA/J or TmBALB/cJ cells (Fig. 1a, middle) ; however, the respiration capacity of both the TmNZB/B1NJ and TmNIH3T3 cells was significantly reduced. Similar results were obtained when the cells were grown in the presence of Tiron (Fig. 1a, right) .
Differential effect of ROS scavengers on cybrid cell growth NAC did not significantly modify the doubling time of any of the cells growing in glucose medium (Fig. 1c, middle) ; however, it did slow down the growth of all cell lines in galactose medium. Thus, the galactose/glucose growth ratio in the presence of NAC was 1.9; 2.3; 2.4 and 3.2 for TmC57BL/6J, TmCBA-BALB/c, TmNIH3T3 and TmNZB/ B1NJ, respectively. By contrast, TmC57BL/6J and TmCBA-BALB/c cells were equally sensitive to the presence of Tiron in both media (galactose/glucose growth ratio 0.9 and 1, respectively). Again, although the effect of Tiron on the growth of TmNIH3T3 and TmNZB/B1NJ cells in glucose was similar to its effect on the other cell lines, this drug completely arrested TmNIH3T3 and TmNZB/B1NJ cell growth in galactose medium (Fig. 1c, right) .
ROS signaling is required for cell adaptation to galactose Because the above observations indicated that the signaling pathways that trigger the adaptation of energy metabolism when the cells are switched from glucose to galactose medium may be mediated by ROS, we assessed H 2 O 2 production by the different cell lines in glucose versus galactose. The change in the carbon source induced a burst in the production of H 2 O 2 by TmC57BL/6J and TmCBA-BALB/c cells, which could be seen after only 5 h (Fig. 3a) . This production was maintained, albeit in lower amounts, after a week of continuous culturing in galactose. The increase in H 2 O 2 production induced by the medium change was accompanied by an increase in the amount of mtDNA per cell (Fig. 3b) and maintenance of the respiratory rate (Fig. 3c) in TmC57BL/6J and TmCBA-BALB/c cells after 1 week of growth in galactose. Of note, TmNIH3T3 and TmNZB/B1NJ cells did not increase production of H 2 O 2 in galactose as much as the other cells, probably because H 2 O 2 production was already exacerbated in glucose in these cells (Fig. 3a) . In agreement with this, growth of TmNIH3T3 and TmNZB/B1NJ cells in galactose did not induce a relevant increase in mtDNA (Fig. 3b) ; therefore, these cells did not achieve the oxygen consumption rate shown by TmC57BL/6J and TmCBA-BALB/c cells (Fig. 3c) . The presence of NAC in galactose medium again prevented the burst in ROS and increase in mtDNA (Fig. 3b) , and decreased further the respiration rate for TmNIH3T3 and TmNZB/B1NJ cells (Fig. 3c) .
These observations strongly support the interpretation that mitochondria-generated ROS function as a regulatory signal that allows adjustment of the cellular OXPHOS capacity. Thus, the increase in mtDNA observed in TmNZB/B1NJ, TmNIH3T3 and TmND6ko cells when growing in glucose is a compensatory response induced by higher ROS production and aimed at increasing the OXPHOS capacity. This response in a wild-type background (NIH3T3 and NZB/B1NJ mtDNAs) is successful and sufficient to reach the appropriate respiration rate. This does not happen in complex I-deficient (TmND6ko) cells, even though the compensatory response is stronger, because the mtDNA is damaged in these cells.
Activity of TCA enzymes is modulated by mtDNA haplotype Three of the above observations were difficult to interpret. First, the specific decrease in the glutamate plus malate RCR with no effect on the ADP/O ratio in TmNIH3T3 and TmNZB/B1NJ cells. Second, the apparently normal activity of the complex I-dependent respiration of TmNIH3T3 and TmNZB/B1NJ cells. Third, the decrease in the absolute rate of respiration of TmNIH3T3 and TmNZB/B1NJ cells when growing in galactose.
Inside the mitochondria, glutamate is transformed into a-ketoglutarate, which enters the tricarboxylic acid (TCA) cycle to produce NADH, initially as a substrate of a-ketoglutarate dehydrogenase (a-KGDH). It has been shown that a-KGDH is very sensitive to inhibition by ROS 29, 30 . We therefore considered that, because TmNIH3T3 and TmNZB/B1NJ cells produce more ROS by the mitochondrial electron transport chain (mtETC), they might partially inhibit a-KGDH, in this way diminishing the rate of NADH generation, and thus the oxygen consumption rate, with substrates that feed electrons to complex I. To address this possibility, we analyzed, in mitochondria from the different haplogroups, the activity of five different TCA cycle enzymes: citrate synthase, malate dehydrogenase (MDH), aconitase, a-KGDH and complex II (or succinate-CoQ oxidoreductase) together with the activity of complexes I and IV. The activity of complex I and complex II was slightly reduced in TmNIH3T3 and TmNZB/B1NJ cells, and the activity of complex IV was reduced only B20% in TmNZB/B1NJ cells, relative to TmC57BL/6J and TmCBA-BALB/c (Fig. 4) . Thus, there were no substantial differences among the activity of the mtETC complexes induced by the mtDNA haplotype.
By contrast, the TCA cycle enzymes seemed to be influenced by the mtDNA haplotype in two ways. First, the activity of MDH was significantly increased in TmNIH3T3 and TmNZB/B1NJ mitochondria relative to TmC57BL/6J and TmCBA-BALB/c mitochondria. Second, the a-KGDH and aconitase relative activities were substantially decreased in TmNIH3T3 and TmNZB/B1NJ cells (Fig. 4) . This observation indicates that the activity of a-KGDH and aconitase, enzymes known to be inhibited by ROS [29] [30] [31] [32] , may be downregulated in those mitochondria with an mtDNA haplotype that enhances ROS production. In agreement with this interpretation, the relative activity of aconitase was recovered to that in TmC57BL/6J cells after TmNIH3T3 and TmNZB/B1NJ cells were grown in NAC (96.4 ± 6.0% and 102.7 ± 6.5% for TmNIH3T3 and TmNZB/B1NJ relative to TmC57BL/6J). By contrast, the MDH activity, which is ROS insensitive, remained unaffected. In addition, this downregulation offers a plausible explanation for the specific decrease in both the glutamate plus malate-dependent RCR and in the overall respiration rate in galactose shown by the different cells.
Key role of an 'A' track polymorphism in the mt-Tr gene Although there are numerous sequence differences between NZB/B1NJ and C57BL/6J mtDNAs (Supplementary Table 1) , there are only two differences between NIH3T3 and C57BL/6J mtDNAs: first, the insertion of two adenines at the DHU loop of the tRNA Arg ; and second, a synonymous polymorphism in the mt-Nd3 gene, the 9461T-C transition. Any potential role of the 9461T-C as the cause of the differences among TmC57BL/6J and TmNIH3T3 cells can be ruled out because BALB/cJ and CBA/J mtDNAs also have this polymorphism. In addition, the ND3 transcript level was found unchanged among the various haplotypes ( Supplementary Fig. 3 and Supplementary Methods online).
Thus, there is only one potentially functional difference between NIH3T3 and C57BL/6J mtDNAs: the insertion of two adenines at the DHU loop of the tRNA Arg . In addition, NZB/ B1NJ mtDNA also carries this insertion of two adenines, whereas the BALB/cJ and CBA/J mtDNAs have a single adenine insertion ( Table 1) . Because none of the other nucleotide discrepancies between NZB/B1NJ and C57BL/6J mtDNAs is present in the NIH3T3 mtDNA, we speculate that the 'A' track polymorphism in the mt-Tr may be responsible for most, if not all, of the differences in ROS production, OXPHOS and TCA cycle performance and the differential response to NAC and Tiron.
DISCUSSION
The contribution of the genetic background to health and disease and the identification of the genetic factors influencing drug response are research areas of paramount interest. The mtDNA hosts functionally relevant SNPs influencing health and disease. Although it has been reported that mtDNA variants predispose to disease 1, 8, 11 , to drug sensitivity 33, 34 and to more complex phenotypes such as learning performance 14 or preferential accumulation in particular tissues 13 , subsequent biochemical and molecular analyses have concluded that the respiratory capacity of the cell is not affected by these mtDNA variations 15, 16 . Here we challenge this conclusion by providing a conceptual framework to understand the associations between the different phenotypes observed and common mtDNA variants.
We have shown that two mtDNA variants that either predispose to poor learning capacities (NZB/B1NJ) or enhance the AHL phenotype (NIH3T3) have a respiratory performance apparently similar to that of other variants (C57BL/6J and CBA-BALB/c) when tested in a uniform nuclear background. Unexpectedly, this similarity in respiration capacity hides a genetically driven, intrinsic difference in the behavior of the mtETC, as revealed by differences in H 2 O 2 production that correlate with a decrease in the activity of the ROS-sensitive enzymes aconitase and a-KGDH, and an increase in catalase activity. In addition, the effect of ROS scavengers (NAC and Tiron) on OXPHOS performance, mitochondrial biogenesis and growth rates in galactose validate these differences.
We identified the genetic element underlying these functional differences as an 'A' track polymorphism in the DHU loop of the tRNA Arg . Thus, the cell lines with ten adenines have higher ROS production and increased amounts of mtDNA. The precise molecular mechanism by which the mt-Tr polymorphism leads to the observed differential performance of the mtETC is not known. It could be argued that the rate of mitochondrial protein synthesis is dependent on the mtDNA haplotype; however, it is difficult to envisage how a moderate quantitative difference in the rate of protein synthesis results in an increase in ROS production. Alternatively, the polymorphic A track in the tRNA Arg DHU loop may influence translation fidelity rather than protein synthesis. If low quantities of polypeptides with missense mutations skip the protein quality control system and are incorporated into mtETC complexes, ROS would be induced at a higher rate, triggering the phenotypic consequences observed. Complex I would be more likely to be affected than any other complex because it contains 7 out of the 13 polypeptides encoded by mtDNA. Numerous examples of tRNA mutations are strongly associated with human diseases for which a biochemical phenotype is difficult to assess 35, 36 . The reasons for this apparent absence of biochemical phenotype remain obscure. The existence of inducible compensatory mechanisms such as those described here and the availability of drugs to block them are important developments that could help in such investigations.
Our work shows that generation of ROS by the mtETC is a fundamental mechanism of feedback signaling from the mitochondria to the nucleus that is used to adapt the OXPHOS capacity and, more generally, the bioenergetic metabolism to the cellular needs. Thus, the early stages of cell adaptation to an OXPHOS-demanding medium trigger ROS production and initiate an uncharacterized regulatory cascade aimed at adapting the cellular energetic metabolism. Our study also shows that key enzymes of the TCA cycle are influenced by the mtDNA haplotype, being reduced in those cells that generate more ROS. This reduction is specific to ROS-sensitive TCA cycle enzymes (a-KGDH and aconitase) and sets up a characteristic balance among TCA cycle enzymes induced by the mtDNA haplotype. This differential set up of the TCA cycle enzymes potentially has enormous consequences in important metabolic processes, other than ATP production, in which the cycle is involved. In addition, the different sensitivity to NAC and Tiron depending on the mtDNA haplotype indicates that mtDNA SNPs can induce distinct, and potentially undesired, responses to drugs of extended clinical use in humans, such as NAC.
As a whole, our results provide a molecular and conceptual framework to understand the role of mtDNA variants in predisposing to disease, in influencing cognitive capabilities and in the selective preference of some cell types for a given mtDNA haplotype. Because ROS function as cellular second messengers 24, 37 that broadly influence energetic metabolism, gene expression, cell proliferation and differentiation capabilities, an mtDNA-driven difference in ROS production should have profound influence in previously described phenotypes and very probably in others that have not been investigated as yet. In this respect, our findings for the mouse mtDNA haplotypes will help to understand the complex human phenotypes associated with common variants of mtDNA that lack a molecular explanation 9, 17 .
METHODS
Cell lines and media. All cell lines were grown in Dulbecco's modified Eagle's medium (DMEM; GibcoBRL) supplemented with 5% fetal bovine serum (FBS; GibcoBRL). Where indicated, cells were grown for a week or for several hours in DMEM lacking glucose but containing 0.9 mg/ml of galactose supplemented with 5% dialyzed FBS (dFBS). The mtDNA-less cells used in this study (r1L929 neo ) were derived from L929 cells 18 (ATCC CCL-1), a derivative clone of strain L generated from normal subcutaneous aerolar and adipose tissue of a 100-d-old C3H/An male mouse. r 0 L929 neo cells were generated by long-term growth of the L929 mouse cell line in high concentrations of ethidium bromide and by transfection with the neo cassette-containing plasmid pcDNA3.1 (Invitrogen) as described 18 .
TmBALB/cJ, TmC57BL/6J and TmCBA/J were generated by transferring mitochondria from platelets to r 0 L929 neo cells as described 18, 38 . TmNIH3T3
and TmNZB/B1NJ cell lines were obtained by transformation of r 0 L929 neo cells by cytoplast fusion 39 using NIH3T3 fibroblasts or NZB/B1NJ primary hepatocytes as mitochondrial donors. The resulting 'transmitochondrial cybrids' were thus homogeneous for their nuclear genome but differed in their mtDNA haplotype, with both genomes being derived from the same mouse species (Mus musculus domesticus). Transmitochondrial cell lines were isolated by growing the cell population in DMEM supplemented with 5% dFBS and 500 mg/ml of Geneticin (G418, GibcoBRL).
TmND6ko cells were derived by random mutagenesis of NIH3T3 mouse cells as described 20 and contain a deletion of one cytosine in a track of six cytosines at the mt-Nd6 gene. This deletion introduces a frameshift starting from amino acid 62 and creates a stop codon 32-34 bp downstream of the cytosine stretch, resulting in a truncated polypeptide of 72 amino acids, instead of the full-length ND6 protein of 172 amino acids. Where indicated, cells were grown for 7 d in the presence of 5 mM NAC (Sigma) or for 3 d in the presence of 1 mM Tiron (Fluka).
DNA analysis. Total DNA from cell lines was extracted by using standard procedures. The complete mtDNA was amplified in 24 overlapping PCR fragments of 800-1,000 bp using a multifunctional robot 40 (Genesis 150, Tecan). Primers were designed from the reference sequence 22 . Assembly and identification of variations in the mitochondrial DNA were carried out with the Staden package 41 .
Growth measurements. Growth capacity in galactose-containing medium was determined by plating 5 Â 10 4 cells on 12-well test plates in 2 ml of the appropriate medium (DMEM, which contains 4.5 mg/ml of glucose supplemented with 5% FBS, or DMEM lacking glucose but containing 0.9 mg/ml of galactose supplemented with 5% dFBS), incubating them at 37 1C for 5 d, and performing cell counts at daily intervals. Where indicated, cells were grown for 7 d in the presence of 5 mM NAC and were then plated (see above) to test their ability to grow in media containing glucose or galactose plus NAC. In the case of Tiron, cells were not pretreated with the drug before the growth measurement experiment; thus, cells were plated in media containing glucose or galactose plus Tiron.
Oxygen consumption measurements. We carried out O 2 consumption determinations in intact or in digitonin-permeabilized cells in an oxytherm Clarktype electrode (Hansatech) as described 42 with small modifications 18 . The RCR and ADP/O ratio were determined in isolated mitochondria as described 43 .
Determination of H 2 O 2 production. Production of H 2 O 2 was measured in cultured cells grown in the absence or presence of either NAC for 1 week or Tiron for 72 h as described 44 . In brief, 2¢,7-dichlorodihydrofluorescein diacetate (2,7-DCFH 2 -DA; Fluka) to a final concentration of 100 mM was added to 100,000 cells, which were incubated at 37 1C for 30 min. The cells were then collected and the reaction was stopped by placing them in an ice bath for 5 min. The cells were disrupted by treatment with Triton X-100 (2%) and centrifuged at 2,500g for 20 min at 4 1C. The supernatant was used to measure fluorescence emission (excitation, 485 nm; emission, 535 nm) in a Spectrafluor plus instrument (Tecan). The amount of H 2 O 2 produced was calculated by using a standard curve of 2,7-DCFH 2 in which 1 mM of 2,7-DCFH 2 represented 1 mM of H 2 O 2 .
Mitochondrial DNA copy number quantification. We quantified mtDNA by real-time PCR using an ABI PRISM 7000 Sequence Detector System (Applied Biosystems) and Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). Total cellular DNA was used as a template and was amplified with specific oligodeoxynucleotides for mt-Co2 and Sdha (Supplementary Table 2 online). These primers were designed with Primer Express 2.0 software (Applied Biosystems). They were tested functionally in quantitative analysis and the results were optimal. Melting curve analysis showed that there was no primer dimer formation.
Real-time PCR amplification was done in accordance with the manufacturer's recommendations in a final volume of 25 ml using ROX as the reference dye. The final concentrations of primers and MgCl 2 were 0.2 mM and 3 mM, respectively. We calculated the mtDNA copy number per cell using Sdha amplification as a reference for nuclear DNA content.
Catalase activity measurement. Enzymatic activities were measured with a UV 500 spectrophotometer (Unicam). Catalase activity was assayed in total cellular homogenate by a published method 45 , in which the absorbance decrease at 240 nm was measured in a medium containing 20 mM H 2 O 2 and 10 mM potassium phosphate buffer (pH 7). One unit of the enzyme was defined as 1 mmol of H 2 O 2 consumed per minute. Specific activity is reported as units per milligram of protein estimated by the Bradford assay 46 .
TCA cycle enzyme activity measurements. Mitochondria were isolated as described 40 and the different enzymatic activities were assessed by spectrophotometry. Aconitase activity was assayed by following the linear increase in absorbance at 340 nm at 25 1C in a reaction mixture containing 50 mM TrisHCl (pH 7.4), 5 mM sodium citrate, 0.2% Triton X-100, 0.6 mM MnCl 2 , 0.2 mM NADP + , 2 U of NADP-dependent isocitrate dehydrogenase and 100 mg of mitochondrial protein 31 . a-KGDH activity was measured by following the linear change in absorbance at 340 nm in a reaction mixture containing 50 mM Tris-HCl (pH 7.0), 0.1% Triton X-100, 0.2 mM NAD + , 1 mM a-ketoglutarate, 50 mM coenzyme A, 0.5 mM KCN and 10 mM cocarboxilase incubated at 25 1C (ref. 31) . MDH activity was measured as described 30 by following the linear decrease in absorbance at 340 nm in a reaction medium containing 10 mM rotenone, 0.2% Triton X-100, 0.15 mM NADH and 100 mM potassium phosphate buffer (pH 7.4) at 37 1C. The reaction was started by the addition of 0.33 mM oxaloacetate. The activities of citrate synthase and complexes I, II and IV were measured in isolated mitochondria as described 20 .
Mitochondrial RNA isolation. The mitochondrial fraction, isolated from cell cultures as described 43 , was suspended in 10 mM Tris-HCl (pH 7.4), 0.15 M NaCl and 1 mM EDTA and incubated for 15 min at 37 1C in the presence of proteinase k (200 mg/ml), SDS (2%) and RNase-free DNase (Roche). Total mitochondrial RNAs were then extracted with an equal volume of phenol/ chloroform/isoamyl alcohol (25/25/1 v/v/v) and precipitated with ethanol 47 .
Quantification of the mitochondrial tRNA Arg . The relative content of mitochondrial tRNA Arg was determined as described 48 . In brief, total mitochondrial RNA samples were resolved by electrophoresis through a 10% polyacrylamide and 7 M urea gel in Tris-borate-EDTA buffer (after heating the sample at 70 1C for 10 min) and then electroblotted onto a Zeta-probe membrane (Bio-Rad) for hybridization analysis with specific oligodeoxynucleotides probes. These probes were 5¢-end-labeled with T4 polynucleotide kinase (Promega) using [g 32 P]dATP (Amersham). To detect mitochondrial tRNA Arg , tRNA Gly and tRNA His , oligodeoxynucleotides specific for each tRNA were used (Supplementary Table 2 ).
The hybridization reactions were carried out in a mixture of 6Â SSC, 0.1% sodium pyrophosphate, 5Â Denhardt's solution, 0.1% SDS and 250 mg/ml of salmon sperm DNA for 4 h at 37 1C. After hybridization, the membranes were washed twice for 10 min in 2Â SSC plus 0.1% SDS at 37 1C.
Statistical analysis. Differences between cell lines carrying particular mtDNA haplotypes for the various parameters analyzed were assessed by ANOVA and by the nonparametric Kruskal-Wallis test. Paired haplotype differences were assessed by the post-hoc Fisher's PLSD test. All test and calculations were done with the statistical package StatView 5.0 for Macintosh (SAS Institute).
Accession codes. GenBank: complete sequences for mitochondrial genomes: C57BL6/J (NC_005089) 22 , CBA/J (AY46649), BALB/cJ (AJ512208) 22 , NIH/3T3 (AY999076), NZB/B1NJ (L07095) 21 and L929 (AJ489607) 22 .
Note: Supplementary information is available on the Nature Genetics website.
